This paper reports for, the first time, the influence of silicon nanocrystals on the photoluminescence and optical gain of Yb 3+ /Er 3+ codoped Bi2O3-GeO2 waveguides for amplification at 1542 nm. Pedestal waveguides were fabricated by RF-sputtering followed by optical lithography and reactive ion etching. RF-sputtering followed by heat treatment produced silicon nanocrystals with average size of 8 nm and resulted in a photoluminescence enhancement of about 10 times for the 520 nm and 1530 nm emission bands. The resulting internal gain was 5.5 dB/cm at 1542 nm, which represents and enhancement of ~50%, demonstrating potential for applications in integrated optics.
INTRODUCTION
Photoluminescence enhancement (PE) of rare earth doped materials containing metallic nanoparticles (NPs) has been reported for photonics applications [1] [2] [3] , where the enhancement was attributed to two phenomena; the local field in the vicinity of the metallic nanoparticles and the energy transfer from the NPs to the rare earth ions 4 . Semiconductor nanocrystals (quantum dots) is an alternative for PE due to their absorption cross sections that are larger than cross sections of rare earth (RE) ions 1, 5 . Energy transfer is very efficient in this case if the size of the quantum dots permits their energy gap to match with the radiative transitions of the RE ions. Erbium doped optical amplifier (EDFAs) have renewed interest in Er 3+ doped materials for the production of evermore efficient devices such as optical amplifiers and fiber networks used in the telecommunication window at 1.5µm. In the case of Er 3+ PE, there are examples that include mostly silicate films and waveguide devices with silicon nanocrystals prepared by using different techniques such as ion implantation, lithography, chemical vapor deposition and sputtering techniques 5 . Improvements of waveguides amplifiers based on Er 3+ doped silicate thin films with silicon nanocrystals were also reported 6 . New material research in applications that requires higher refractive index for more nonlinear response and higher index contrast is motivated especially by the development of waveguides amplifiers. Heavy metal oxide materials are a good alternative due to their larger linear refractive index (~2.0), high nonlinear response and smaller cutoff phonon energy (500-700 cm -1 ) 7, 8 . There is a lack of literature related to research on heavy metal oxide glasses incorporating silicon nanostructures in comparison to other materials such as silica glasses. PE in Er 3+ doped germanate glasses (Bi2O3-GeO2) due to the presence of silicon NPs with size larger than 10 nm has been demonstrated elsewhere 9 . Growth of ~200% at the wavelength of 545 nm and ~100% in Er 3+ emission at 525 nm, 660 nm and 1530 nm has also been shown 9 . Photoluminescence quenching was observed for samples containing silicon nanocrystals, especially in the near infrared region. PE of ~300% in the presence of silicon nanocrystals was reported for tellurite glasses doped with Er 3+ , in the visible and near infrared regions 10 . Increased optical gain of 7dB/cm at 1535 nm was demonstrated in an Er 3+ doped silicon-rich, silicon-oxide waveguide amplifier containing Si NPs 6 .
These results motivated the present study that report for the first time the influence of Si nanocrystals in the photoluminescence of Yb 3+ /Er 3+ codoped Bi2O3 -GeO2 (BGO) waveguides for amplification at 1542 nm. We demonstrate the possibility of producing Si nanocrystals using the sputtering technique followed by adequate heat treatment avoiding the use of more complex processes. As a result, we achieve an enhancement of approximately ten times at 520 nm and 1530 nm and a 50% increase of the optical gain of the waveguide at 1542 nm.
EXPERIMENTAL
P-type wafers with of 3.0 in diameter were used in conventional microelectronics fabrication techniques to produce the pedestal waveguides, following the sequence shown by Assumpção et al. 10 . The core of the waveguides, constituted of Yb 3+ /Er 3+ codoped BGO thin films with and without Si nanostructures, were produced using RF magnetron sputtering placing the RE pellets upon the BGO target in one of the electrodes of the system and the silicon target onto the other electrode. The BGO (wt%: 41.6 Bi2O3-58.4 GeO2) target and the RE pellets were produced by mixing the powders, submitting them to uniaxial pressure followed by sintering. A commercial Si target was used for the waveguides containing silicon nanostructures. The RF power at 13.56 MHz was set to 70 W for the electrode of the BGO target and to 9W for the silicon target (only for the production of the thin film containing the Si nanocrystals). The obtained waveguides were annealed at 440 °C during 3 hours to become transparent and also to nucleate Si nanostructures. Small angle X ray scattering (SAXS), Energy dispersive spectroscopy (EDS) and High resolution transmission electron microscopy (HR-TEM) were performed in order to obtain information about the structure and morphology of the silicon nanostructures. The concentration of the RE ions was determined by Rutherford backscattering spectrometry (RBS) and particle induced X-ray emission (PIXE) analysis. The pedestal profile was analyzed by Scanning Electron Microscopy (SEM ] = 2.76E21 at/cm 3 respectively. Propagation losses at 1068 nm (ytterbium fiber laser) were determined using the 'topview' technique 11 . In these measurements the edges of the silicon wafer were cleaved to acess the inputs and outputs of the waveguides, resulting in optical devices with a length of 1 cm. The near field profiles of the waveguides at 1068 nm were obtained using a CCD camera positioned in front of an objective lens (10x) placed in the output of the waveguide to determine the mode propagation for different waveguide widths. Simulated near-field profile patterns were also obtained by the finite difference time domain (FDTD) method using OptiFDTD software. Infrared (IR) and infrared-to-visible upconversion photoluminescence spectra were obtained using a 980 nm cw diode laser for excitation. The detecting the light emitted from the surface of the waveguides was done with a monochromator, an optical detector (photomultiplier-tube and germanium-photodiode, for the visible and infrared regions, respectively) and a lock-in. The measurements confirmed the incorporation of RE ions in the trivalent form and that the Si nanostructures influence the 4 I13/2 → 4 I15/2 infrared emission of Er 3+ . The infrared gain at 1542 nm was measured using 980 nm and 1542 nm for pump and signal wavelengths, respectively (see figure 1 ). Both wavelengths are multiplexed inside a waveguide division multiplexer (WDM)
Ç into the pedestal waveguides using single mode fibers. The signal power coupled to the waveguides was kept low to prevent gain saturation. The output signal was collected by an optical fiber and sent to an optical spectrum analyzer, in order to evaluate the gain with the setup described in figure 1 . The value of the gain is given by the ratio of the signal peak with and without 980 nm pumping 12 .
RESULTS AND DISCUSSIONS
The PL spectra of the Yb 3+ /Er 3+ codoped BGO pedestal waveguides with and without Si NPs, resulting in near infrared (NIR) to infrared frequency downconversion and NIR to visible upconversion, are shown in Figure 1 (980 nm excitation). An enhancement of the peak intensities of 7 and 10 times for =530 nm and =1530 nm, respectively, occurs in the presence of Si nanocrystals (see figure 2) . The large PE (around ten times) at 1530 nm may be attributed to the contribution of Si nanocrystals. Also observed is the emission at 1200 nm from the Bi ] decrease may cause luminescence decrease at ~1200 nm. Clearly, an in depth study about this mechanism is required in order to confirm our hypothesis, but this issue is beyond the scope of this manuscript. The propagation losses decreased with increasing waveguide width 14 and a rapid increase in loss is observed for waveguide width smaller than 20 m. Higher losses presented by smaller waveguides are due to the stronger interaction between the guided modes and waveguide sidewall roughness 15 . High losses of 7 dB/cm were also reported for Er 3+ doped silicon-rich, silicon-oxide waveguide amplifier containing Si nanocrsytals 6 . Optical waveguides using Er-doped silica layers containing Si nanoclusters grown by reactive sputtering exhibited propagation losses of approximately 6 dB/cm at wavelength of 1310 nm 16 . We performed the near-field simulation, shown in Fig. 5(a) , in order to estimate the transverse modes of the waveguides, considering a minimum width of 3 m and a sidewall thickness of 250 µm. The results show that a 3m waveguide can support 4 transverse electric propagation modes, suggesting multimode guiding for  = 1542nm (shown is only one mode: TE03). The experimental result of the near-field profile for a 3 m wide waveguide is shown in figure 5(b) . /Yb 3+ codoped BGO pedestal waveguides with dimensions 100 µm x 1 cm (width x length) with and without Si nanocrystals as a function of pump power at 980 nm. At the maximum pump power of 60 mW an internal gain of 5.5 dB/cm and 3.5 dB/cm was measured for waveguides with and without Si, respectively.
It's important to notice that Si nanocrystals with diameter around 8 nm do not present quantum confinement and their direct energy bandgap does not differ much from the bandgap of bulk silicon (1.12eV) 17, 18 . At the filling fraction of Si NPs observed in our samples, an increase of the effective refractive index of the waveguides should be obtained. This enhancement of the refractive index must decrease the intrinsic losses of BGO waveguides associated to border defects and irregular morphology and enhance the guiding effect within the waveguides. In addition, Si nanostructures behave as a source of scattering, which could be linked to an increase of pump photon path length inside the waveguide and, therefore, to an increase of absorption and gain [24] [25] [26] [27] [28] . 
CONCLUSIONS
This is the first observation of the influence of silicon nanocrystals in the amplification of the 1530 nm emission in Yb 3+ /Er 3+ codoped Bi2O3-GeO2 pedestal waveguides. The present results show the possibility of producing silicon nanocrystals using the RF-sputtering technique followed by adequate heat treatment. The optical gain was enhanced by 50% and reached 5.5 dB/cm at 1530 nm. Large photoluminescence enhancement was observed in the visible and infrared regions in the presence of the silicon nanocrystals. These results open new possibilities for pedestal waveguides fabrication and their applications in integrated optics, such as nonlinear optical devices based on pedestal waveguides in codoped heavy metal oxide glasses containing metallic or semiconductor nanoparticles [19] [20] [21] [22] [23] .
